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SUMMARY 
An investigation was made i n   t h e  Langley 24-inch high-speed tunnel 
t o  determine the effect of leading-edge shape and section profile on the 
aerodynamic character is t ics  of two t h i n  wings of a spec t  r a t io  4. L i f t ,  
drag,.and pitching-moment data are presented  for a range of angle of 
attack from -2O to  8O and a-range of Mach number from 0.30 t o  approxi- 
mately 0.90. Reynolds numbers are from 4.6 X lo5 to 10.6 X lo5. Test 
results are  also  included  for a third w i n g  having an aspec t   ra t io  of 3, . a t aper   a t io  of 0.4, and a 4.5-percent-thick  modified-hexagonal  section. 
L i f t  and moment data showed no abrupt changes with Mach nmber  for 
c either of the two wings i n  the Mach number and l i f t -coeff ic ient   range 
where leading-edge-flow a t t a c h e n t  would  be expected t o  occur. The maxi- 
mum l i f t - d r a g   r a t i o  of the wing having an NACA 66-006 sect ion wae about 
20 percent greater than the maximurn l i f t -d rag   r a t io  of the wing having 
a 6-percent-thick circular-arc section. 
INTRODUCTION 
Flow separation start ing a t  the leading edge is found on the t h i n  
a i r f o i l s  of current   interest  a t  moderate t o  high angles of a t t a c k   i n  low- 
speed two-dimensional flow. As the Mach  number increases, a high subsonic 
speed i s  reached a t  which attachment of the flow at  the leading edge takes 
place more or less abruptly. StUdie8 i n  two-dimensional flow ( fo r  
instance, refs. 1 and 2)  reveal  that  the principal  force change accom- 
panying this phenomenon is in the lift; in a m  caees an increase in  lift 
is noted. The extent t o  which this attachment phemmenon €6 modified on 
f h i t e  wings i s  not well  underetood yet.  
. The purpose of the  present tests is  t o  determine i n  a preliminary 
way whether any important changes i n   f o r c e  characteristics occur as a 
UNCLASSIFIED 
r e su l t  of leading-edge-flow attachment a t  high subaonic speeds. An 
untapered wing of aspect  ra t io  4 w a a  chosen for  the tes ts .  Because of 
the dependence of the leading-edge-flow phenomenon on leading-edge shape, 
two typical 6-percent-thick aections were selected, one (circular-arc) 
having a s k p  leading edge and one. (PIACA 66-006) haying a rounded 
leading edge, .Test results are a lso  included for .a t h i rd  wing which 
had a sharp-edge modiyied-hexagodl section of 4.5-percent thickness, 
an  aspect  ratio of -3,- and a t aper   ra t io  of 0.4. 
SYMBOLS 
aspect   ra t io  
l i f t  coefficient 
drag coefficient 
pitching-moment coefficient about quarter-chord point of mean 
geometric chord 
minfmum drag  coefficient 
drag d m .  t o  l i f t ,  CD -- C D ~  
l i f t  
drat3 
" 
Mach number 
local  chord 
mean geometric chord 
angle of' at tack 
APPARATUS AND TESTS 
The tests of the present investigation were made i n  the Langley 
24-inch high-speed tunnel, which i s  a-nonreturn induction-type tunnel 
( r e f .  3 ) .  The test section of the tunnel described in reference 3 has 
been modified by the  instal la t ion of flats approximately 16 inches wide 
that reduce the width of the test section from 24 t o  18 inches; thus, 
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the shape of the t e s t   s ec t ion  i s  changed from ci rcu lar  to  one approaching 
a rectangle. End plates  w e r e  mounted flush with the flat  sides of the 
test-section walls. The end p la tes  had holes  cut  in  them the same ehape 
as the root  section of the wing but with an 0.012-Fnch gap t o  permit 
forces to be transmitted without interference t o  the three-component 
recording balance. Since the forces encountered i n  t h e s e  t e a t s  were 
small, a semispan model was mounted on each of the two s ide walls; thus, 
the magnitude of the forces was doubled and the accuracy of the data 
was increased. 
" 
The three wings investigated are shown i n  figure 1. Two of the 
wings had.a trapezoidal plan form, a thickness-to-chord r a t i o  of 6 per- 
cent, and an aspect ratio of 4. The parameter tha t -was  var ied  for  these  
two w i n g s  w a s  the ai r fo i l   sec t ion ;  one wing had an NACA 66-006 section 
and the other a 6-percent-tuck circular-arc section. The trapezoidal- 
plan-form wings were mounted with the leading edge unsuept. The modified- 
hexagonal-section wing had a tM.ckness-to-chord r a t i o  of 4.5 percent, a 
taper r d i o  of 0.4, and an aspec t   ra t io  of 3. Thi; wing was mounted with 
its leading edge swept  back 22.3O. . . .  
The two wings having an aspect r a t i o  of 4 w e r e  constructed for a 
'previous  investigation and a t  tkt t i m e  the negatively raked t i p s  w e r e  . believed to be desirable.  Subsequent  investigations have made this 
t f p  shape obsolete and no significance i s  attached t o  it for  this 
investigation. ., 
L i f t ,  drag, and pitching moment .were measured on the three w i n g s  
through a range of angle 'of attack from -20 to  8O, except for the 
modified-hexagonal-section wing which w a s  not tested a t  -2O. The Mach 
number range extended from 0.30 t o  approximately 0.90, corresponding t o  
Reynolds numbers from 4.6 x 10 to 10.6 x 10 , based on the wing mean 
geometric chord. 
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During this investigation fluctuations of tunnel speed and forces 
acting on the model were encountered abave a Mach mmiber of about 0 .TO, 
a t  angles of a t tack of 6O and 8O for  the three wings, and also at  bo f o r  
the 6-percent-thick circular-arc wing. L i f t ,  drag, pitching mament, and 
velocity w e r e  continuously and simultaneously recorded for a period of 
about 10 seconds w h i l e  the power input   to   the  tunnel  w a s  held constant. 
Records obtained show that short periods of  steady flow occurred during 
the fluctuations. The short-period'steady-flow forces w e r e  used t o  
extend the curves beyond a Mach mmber of about 0.70 for  angles of a t tack 
of bo, 6O,  and 8'. A l l  tes t  points  compted in  this manner are indicated 
by flagged symbols and the curves faired through these points are shown 
dashed. 8 -  - -  
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The initial angle of-attack could be determined to   within fO.1° 
and subsequent changes i n  angle of attack were subjec t  to  an error  of 
to .Ole. The data obtdned were subject- .  to errors that may be separated 
in to  two  ty-pes. The first type of e r ro r  a r i s e s  f r o m  small inaccuracies 
i n  the cal ibrat ion of the tunnel, calibration of the balance, and the 
inaccuracies in the balance a t  maximum senei t ivi ty .  Errors  in  coeff i -  
cients due t o  this ty-pe of error  are estimated t o  be of the following 
or der : . . .  
The second ty-pe of error arises from tunnel-wall interference and leakage 
a t  t h e  model - t u n n e l ~ w a l l  juncture. The data  have been corrected for 
tunnel-wall interference by the method of reference 4.. For t h i s  inves- 
t iga t ion  the end-gap effecta were believed t o  have been small i n  that 
repeat tests using 0.012- and 0,018-inch end gaps (25 percent and 38 per- 
cent of that used i n  ref.  5 )  showed negligible changes i n  the measured 
coefficients and, therefore, aqy corrections due t o  end gap have been 
neglected. 
Calculations indicate that the 6-percent-tuck wings (at  an angle 
of a t tack  of Oo) should choke the tunnel a t  a Mach  number of about 0.95. 
This tes t  Mach number of 0.95 was not abtained during the investigation, 
since the tunnel choked about 12 inches downstream of the test section 
as a r e s u l t  of water-vapor condensation. S ta t ic  pressure  a t  the tunn-el . 
wall along the test aection and downstream -of the model w a s  observed for  
a given model configuration and inaicated that this choking, which 
limited the maximum test Mach number, did not affect   the   pressures   in  
the test  section. The data presented are believed,' therefore, t o  be , 
re la t ive ly   f ree  of the. .usual  tunnel  effects  a t t r ibuted to  the Mach number 
range  within 0 .O3 of .the choke Mach number. 
RESULTS 
The results of the investigation axe presented in   f igures  2 t o  8. 
Figure 2 shows the  var ia t ion of . l i f t  coefficient wi th  Mach number fo r  . 
constant angle of attack. Figure 3 presents the l if t-curve slope of the 
three wings.at zero lift and a t  a l i f t  coefficient of 0.4. A comparison 
of the unsteady-flow boundaries of these w i n g s  w i t h  the two-dimensional . 
- normal-force  break (ref. 1) i s  shown i n   f i gu re  4. The var ia t ion of the  
quarter-chord pitching-moment coefficient  with lift coeff ic ient  at 
various Mach numbers is sham by figure 5. Figure 6 presents the effect 
of Mach  number on the  minimum drag coefficient of the three wings. The 
e f fec t  of Mach number on drag due t o  l i f t  at a l i f t  Coefficient of 0.4 
is  shown i n  figure 7. The variations of l i f t - d r a g  r a t i o  with Mach 
number for   the  three w i n g s  are shown i n   f i g u r e  8. 
I 
DISCUSSION 
Flow Separation  and  Reattachment 
Two-dimensional-flow data of reference 1 f o r   t h i n   a k f o i l s   w i t h  
sharp or moderately sharp leading edges at a constant angle of a t tack  
showed that the reattachment of the flow a t  Mach numbers between 0.70 
and 0.80 w a s  accompanied by a moderate increase  in  l i f t  coefficient.  A 
s m a l l  to imperceptible increase in the l i f t  coefficient occurred a t  Mach 
numbers from 0.70 t o  0.80 at angles of a t tack  of about 6 O  and 8O i n   t h i s  
three-dimensional-flow  investigation.  (See  fig. 2.) A reduction in the 
magnitude of the effec ts  of flow reattadlnnent on a f i n i t e  w i n g  as cam- 
both the extensiveness of separation and i n  ehock strength a8 a r e s u l t  
of tFp flow (ref. 6 ) .  The results of other Ugh-speed t e s t s  of  t h i n  
wings ( for  example, ref. 7) are i n  accord with the present results a8 
regards the absence of any appreciable force changes aesociated d t h  
leading-edge -flow attachment . 
* pared  with  an infinite wing might be a consequence of a reduction i n  
Force Coefficients 
Lif t  coeff ic ient . -  For a constant angle of attack, the w i n g  w i t h  
an NACA 66-006 prof i le  produces an increase i n  l i f t  coefficient  with  an 
increase  in  Mach number for a l l  angles of attack tested u p d t o  a Mach 
number of about 0.87 ( f ig .  2 (a ) ) .  The increase  in  l i f t  coefficient with 
Mach nuhlber fo r  the circular-arc-section wing and the modified-hexagonal- 
section wing ie negligible for angles of a t tack from Oo t o  about 2' 
( f igs .  2(b)  and 2(c)) ;  however, for angles of at tack from approximately 
2' t o  8O, there i s  an  increase in  l i f t  coefficient with an increase in 
Mach  number. As a consequence, the l i f t -curve slope a t  zero lift 
(f ig .  3 )  for  the NACA 66-606 section wing shows aniincrease with Mach 
number, whereas the other two w i n g s  indicate minor increases  in  the  l i f t -  
curve elope a t  zero lift throughout the Mach number range investigated. 
A t  a l i f t   c o e f f i c i e n t  of 0.4, however, the lift-curve slopes of both 
6-percent-thick w i n g s  indicate an increase in l if t-curve slope with Mach 
number up t o  a Mach number of 0.6, with a more rapid increase occurring 
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a t  a Mach  number of--a%out 0.81 for  the circular-arc-section wing. The 
l if t-curve slope of the modified-hexagonal-section wing a t  a l i f t  coef- 
f i c i en t  of 0.4 remains relatively constant for a range of Mach number 
from 0.30 t o  0.75. As the Mach  number w a s  increased above 0.75, the 
lift-curve slope increased moderately. 
Unsteady flows were encountered duri-ng this investigation and 
caused violent  shaking of - t h e  model and fluctuatio.ns of tunnel speed. 
Visual  observation.of  the.flow diifing a 'high-humidity run showed, by 
water-vapor condensation, t ha t  the width of the wake from the upper 
surface was f luc tua t ing   in  the Mach number and l if t-coefficient range 
where unsteady forcee were encountered. The f luc tua t ion  in  the width 
of the wake i s  probably a r e s u l t - o f  a chordwise osc i l la t ion  i n  the 
separation point as discussed in reference 8. For low angles of attack, 
unsteady flows were not encountered within the Mach number range inves- 
t igated,  and this resul t -18 in  accordance with the data of references 8 
and 9. 
The boundaries of the unsteady flows encountered on the three wings 
are compared with the two-dimensional normal-force breaks of reference 1 
i n  f igure 4. The unsteady-flow boundaries occurrea at a Mach  number 
approximately 0.05 less than the two-dimensional normal-force break and 
about 0.10 below the l i f t -break  Mach nmber"for these wings in  three- 
dimensional flow. .The two-dimensional normal-force-break Mach  number 
(taken as the Mach number at which the inflection point occurs on the 
curve of normal force against Mach number), plus a Mach number increment 
of 0.06, has been suggested as one criterion for airplane buffeting 
( re f .  10). The significance of the unsteady-flow boundaries i n  the 
present tests is, of course, open t o  same.question i n  view of the i n t e r -  
action between the unsteady wing flow and the tunnel flow which was 
evidenced by appreciable fluctuations in tunnel airspeed; thus, the 
significance of. the boundaries shown In figure 4 as regards the buffeting 
of a similar wing i n   f r e e   a i is uncertain. - .  
Pitching-moment coefficient.  - The var ia t ion of quarter-chord 
pitching-moment coefficient with l i f t  coefficient for various Mach 
numhers is shown i n  figwe 5.  The moment-curve slope for the three wings 
i s  posi t ive  a t - r l i f t   coeff ic ients  below 0.1 throughout the Mach number 
range. The l i f t  coefficient a t  which the moment-curve slope for the 
wing having the NACA 66-006 section becomes zero increases from a l i f t  
coefficient of 0.1 a t - a  Mach number of 0.3 t o  a lift coefficient of 
approximately 0.5 at Mach numbers of the order of 0.75 and 0.80. A t  
lift coefficients i n  excess of the value where the slope i s  zero, the 
slope becomes negative. This negative slope repre~ente a rearward move- 
ment of the center of pressure which becomes more rapid at  the higher 
Mach numbers. A similar behavior of the moment-curve slope is noted 
f o r  the wing having the modified-hexagonal eection (fig.  5(c) ), with the 
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rearward movement of the  center of pressure occuring a t  a l i f t  coeffi-  
c ien t  between 0.3 and 0.5 for a range of Mach number f'rom 0.70 t o  0.85. 
The rearward movement of the center of pressure for the modified- 
hexagonal-section w i n g  is more pronounced than that observed for the 
wing having the. M C A  66-006 section. This rearward movement of the 
center of pressure i s  similar to the results obtained on a n  aepect- 
ra t io-4 wing having a modified-hexagonal section  investigated a t  a 
Reynolds number of 1 x lo6 and repor ted  in  reference 7. The m o r e  rapid 
movement of the center of pressure on the hexagonal-section wing as 
compared t o  that of the NACA 66-006 section wing might be a t t r i b u t e d   t o  
the small pressure gradients which might be expected t o   e x i s t  along the  
central   por t ion of tbe hexagonal section that would allow a more rapid 
chordwise shock movement or pressure change t o  occur. For tlae wing 
having a circular-arc section, the rearward movement of the center of 
pressure does not appear t o  be as pronounced as for  the other two wings. 
The less rapid rearward movement of the-center  of fxresaure f o r  this wing 
may be a t t r i b u t e d   t o  the larger  trail ing-edge angle. 
Drag coefficient.-  The min imum drag  coeff ic ient   in   f igure 6 i s  
approximately the same (about O.OO7O) for  the three w i n g s  through a 
range of Mach  number from 0.40 to 0.70. The Mach number for drag rise 
at zero lift for each of the three w i n g s  is  about 0.87. 
The drag due t o  l i f t  at a l i f t  coeff ic ient  of 0.4 f o r  the three 
wings investigated is  shown i n  f i g u r e  7. These experimental d r a g s  are 
compared with  theoretical   values of drag due t o   l i f t   w i t h  the resu l tan t  
force acting normal t o  t h e  r e l a t i v e  wfnd C,*/zA and with the r e s u l k n t  
force acting normal t o  the chord l i n e  CL t a n  a. As would be expected, 
the experimental value falls between the two theore t ica l  values and thus 
gives an indication of the amount of leading-eQe"suctfon experienced by 
each of the wings a t  a let coeff ic ient  of 0.4. The experimental drag 
due t o  1st for  the  two 6-percent-thick wings is in   c lose  agreement fo r  
a range of Mach nmiber from 0.30 t o  0.50. For a range of Mach  nrrmber 
from 0.50 t o  0.80, however, the wing having an NACA 66-006 section 
produced less drag due t o  lift. For Mach numbers above 0.80, the drag 
due to lift for  the wing having the  NACA 66-006 section increased t o  a 
value greater than that of the aspect-ratio-4 wing having a 6-percent- 
thick circular-arc profile.  
- 
T h e  4.5-percent-thick wing is  in fe r io r  t o  both the 6-percent-thick 
wings i n  drag due to  l i f t  throughout the Mach nuniber range investigated. 
The reduct ion  in   aspect   ra t io  or thichess rat io   could be partly respon- 
sible, since both tend to  increase the drag due t o  l i f t ,  par t icu lar ly  
a t  Mach numbers less than the drag-rise Mach nmber, 
The maximum l i f t -d rag   r a t io  of the three wings occms a t  a Mach 
number of about 0.70 and a t  lift coefficients from 0.2 t o  0.3 (f ig .  8). 
The maximum l i f t -d rag   r a t io  of the wing having a n  MACA 66-006 section 
is about 20 percent greater than the l i f t -d rag   r a t io  of the wing having 
a 6-percent-thick circular-arc section and about 45 percent greater than 
the maximum lift-drag ratio of--the 4.5-percent-thfck modified-.hexagonal- 
section w i n g  with the lower aspect  ratio.  
CONCLUDING RPIIARKS 
An investigation to determine the effect of.lesding-edge shape and 
sect ion prof i le  on the aerodynamic character is t ics  of two t h i n  wings 
i n  a range of Mach number from 0.30 t o  tibout 0.90 indicated the following 
resul ts :  
1. L i f t  and moment data showed m abrupt changes w i t h  Mach number 
for  e i ther  of  the two wings i n  the Mach number and l i f t -coef f ic ien t  
ranges where leading-edge-flow attackrment would be expected t o  occur. ' 
2. The maximum l i f t -d rag   r a t io  of the wing having an NACA 66-006 
section w a s  about 20 percellt greater t h a n  the m a x i m u m  l i f t - d r a g   r a t i o  
of the wing having a 6-percent-thick circular-arc section. 
Langley Aeronautical Laboratory, 
National Advisory Committee f o r  Aeronautics, 
Langley Field, Va. 
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Figure 1.- Gemispan models of low aspect ratio tes ted in the Langley 
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Figure 1. - Concluded. 
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Figure 2.- Variation of l i f t  coefficient with Mach number. 
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(c) The 4.5-percent-thick  modified-hexagonal- 
section wing. A = 3. 
Figure 2. - Concluded. 
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Figure 4.- Ccmparison of experhental uneteady-flow boundaries of three 
thin KLxlg~ of lm aspect ratio with two-dimensional normal-force break. 
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Figure 5.- Variation of quarter-chord pitching-moment  coefficient with 
lift coefficient at various Mach nmbers . 
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(b) The 6-percent-thick  circular-arc-aecticm wing. A = 4. 
Figure 5.- Continued. 
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(c) The 4.5-percent-thick modif ied-hexagonal- 
section wing. A = 3. - 
Figure 5.- Concluded. 
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Figure 6.- Effect of Mach number on minimum drag coefficients of three 
thin w b g s  of a moderately low aspect ratio. 
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Figure 7.- Effect of Mach number on drag due to lift. CL = 0.4. 
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